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The dye sensitized solar cell (DSSC), which converts solar light into electric energy, is expected to be a
promising renewable energy source for today's world. In this work, dye sensitized solar cells, one con-
taining a single layer and one containing a double layer, were fabricated. In the double layer DSSC
structure, the under-layer was TiO2-P25 ﬁlm, and the top layer consisted of a mixture of TiO2-P25 and
TiO2 nanotubes. The results indicated that the efﬁciency of the DSSC with the double layer structure was
a signiﬁcant improvement in comparison to the DSSC consisting of only a single ﬁlm layer. The addition
of TiO2-P25 in the top layer caused an improvement in the adsorption of dye molecules on the ﬁlm rather
than on the TiO2 nanotubes only. The presence of the TiO2 nanotubes together with TiO2-P25 in the top
layer revealed the enhancement in harvesting the incident light and an improvement of electron
transport through the ﬁlm.
& 2016 Published by Chinese Materials Research Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, the depletion of fossil fuels has become one of
the big challenges that people are currently facing [1]. This puts
great pressure on scientists to ﬁnd alternative forms of energy.
Besides, the overconsumption of the natural energy resources,
including fossil fuels, coal, natural oil and natural gas, often causes
a detrimental impact on the environment. This is because, as these
energy resources are burnt, they release various harmful gases,
such as CO, CO2, NO2 and SO2, into the atmosphere [2,3]. Conse-
quently, these gases can cause direct damage to the environment,
such as through global warming or acid rain [2–4]. Thus, it is ne-
cessary to ﬁnd clean and renewable energy sources which reduce
the risks of damage to the natural environment.
These days, the solar cell, which is an electrical device to con-
vert solar energy into electrical energy, has been receiving much
attention in research communities. Solar cells convert solar light
directly into electric energy without requiring any fuel. Therefore,
they avoid the problems of transporting fuel or storing radioactive
waste [5]. Hence, these new devices should be studied, developed
and applied more widely to replace the use of the conventional
sources of energy.
The dye-sensitized solar cell (DSSC) is a type of solar cell whichsearch Society. This is an open accwas reported by Gratzel et al. in 1991 [6]. Basically, a TiO2-based
DSSC consists of a TiO2 ﬁlm layer deposited onto a transparent
conductive oxide layer of Fluorine Doped Tin Oxide (FTO), a
monolayer of sensitive dye molecules adsorbed on the surface of
TiO2, redox electrolyte and a counter electrode [7–9]. One of the
most important components of a dye sensitized solar cell is the
TiO2 ﬁlm [10], so there are numerous research projects being
carried out which are expected to enhance the power conversion
efﬁciency of solar cells based on TiO2 ﬁlm. Lee et al. [11] fabricated
TiO2 ﬁlm made from the mixture of TiO2 nanoparticles and na-
notubes. The results indicated the effects of the TiO2 nanotubes in
improving the efﬁciency of DSSC (4.57%) in comparison to nano-
particle ﬁlm (3.84%) or to the TiO2 nanotube ﬁlm (2.49%) only. In
the research of Xu et al. [12], a double layer ﬁlm with TiO2 nano-
particles as the under-layer and the TiO2 nanotubes as the upper-
layer was fabricated. The results showed that the efﬁciency of the
DSSC made of a double layer was signiﬁcantly higher (6.15%) than
that of a single particle layer (4.25%) or the single nanotube layer
(0.37%). According to these research reports, the DSSCs based on a
double layer had lower transfer resistance and a longer electron
lifetime, leading to improving the performance of the solar cell.
In this work, a dye sensitized solar cell with a double layer
junction structure was fabricated. The under-layer was synthe-
sized by TiO2-P25. The top layer, in this research, consisted of a
mixture of TiO2-P25 and TiO2 nanotubes. The addition of TiO2-P25
in the top layer was made to improve the adsorption of the sen-
sitized dye on the ﬁlm, since TiO2-P25 reveals a higher level of dyeess article under the CC BY-NC-ND license
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nanotubes might enhance the incident light harvest and improve
electron transport through the ﬁlm as well. These changes are
expected to improve the efﬁciency of the solar cell.2. Experimental procedure
2.1. Preparation of the TiO2 nanotubes
In this research, the TiO2 nanotubes were synthesized by the
microwave-assisted hydrothermal method. The synthesis process
followed the method given by Cho et al. [14,15]. The precursors
used to prepare the TNTs were TiO2-P25 Degussa and Sodium
Hydroxide (98% purity, Samchun Chemical), and these chemicals
were used without further puriﬁcation. Firstly, 2 g of TiO2-P25 was
added into 100 ml of 10 M NaOH aqueous solution under through
by stirring at room temperature for 15 min to form a suspension.
After that, this suspension was transferred into a Teﬂon vessel
reactor to begin the microwave-assisted hydrothermal reaction at
150 °C, 195 W and a rotation speed of 300 rpm for 4 h. The pH of
the suspension obtained after this hydrothermal process was ad-
justed to 7 with 5 N HCl aqueous solution [14]. And then, the re-
sulting product was repetitively washed with distilled water and
centrifuged to eliminate residual NaCl. Finally, the synthesized
sample was dried in a freeze dryer (EYELA, FDU-2100) for 24 h at
80 °C.
2.2. Synthesis of the TiO2 paste
The TiO2 paste was prepared following the method given by Ito
et al. [16]. In the ﬁrst step, a 1 g TiO2 nanotube prepared as above
was taken out and put in a mortar, and 0.17 ml acetic acid was
then added drop by drop into the TiO2 nanotubes, followed by
grinding for 5 min at room temperature. In the second step,
0.17 ml distilled water was added into the mortar, and the mixture
was ground for 1 min. This process was then repeated 5 times. The
third step was conducted with the same process as the second
step, however, this step used ethanol instead of distilled water,
and it was repeated 15 times. In the next step, 0.42 ml ethanol was
dropped into the mixture, and then the mixture was ground for
1 min. This step was repeated 6 times. Next, the TiO2 paste was
transferred into a beaker and 16.7 ml ethanol was added. Then, the
mixture was subjected to magnetic stirring for 1 min, and ultra-
sonically homogenized for 2 min. Following this step, 3.33 g α-Fig. 1. FESEM images of the samples: (aterpineol was added into the paste, and the TiO2 paste then con-
tinued to be magnetically stirred for 1 min and underwent the
ultrasonic treatment for 2 min. Next, a 5 g ethyl cellulose solution
(10%) was dropped into the mixture, and the mixture received the
ultrasonic treatment for 2 min and magnetic stirring for 1 min.
Finally, the mixture was evaporated to remove the residual
ethanol.2.3. Fabrication of DSSCs
Three different TiO2 photoanode ﬁlms, corresponding to the
TiO2 nanotubes (sample 1), TiO2-P25 (sample 2) and TiO2 P25/
(mixture of 90% P25 and 10% TNT) (sample 3), were fabricated
following the doctor-blade method. After coating the TiO2 pastes
on the FTO glass, the electrodes were heated at 125 °C for 5 min, at
325 °C for 5 min and at 450 °C for 30 min. In the case of the double
layer, the underlayer was deposited ﬁrst, and then this under ﬁlm
was dried at 125 °C for 5 min before coating the top layer. This
double layer was also treated with the heating process above. The
TiO2 ﬁlms were then immersed in a 90 mM TiCl4 solution at 70 °C
for 30 min and sintered again at 450 °C for 30 min [16]. When the
temperature of the electrodes decreased to 90 °C, they were im-
mersed into a 0.6 mM N-719 dye solution for 24 h [17]. Finally, the
TiO2 electrode was assembled with a Pt-counter electrode to form
a dye sensitized solar cell. The active area of the resulting cell
exposed to light was approximately 0.25 cm2.2.4. Characterization of DSSCs
The crystal structure of all samples was analyzed by X-ray
diffraction (XRD, RINT-2200, Rigaku) patterns from 5° to 70° using
a monochromatized Cu-Kα (λ¼1.54 Å) radiation. The micro-
structure of the TiO2 nanotubes was observed by transmission
electron microscopy (TEM, JEM-2100F, Jeol). The thickness of the
TiO2 layer ﬁlm was examined with scanning electron microscope
(SEM, JEOL-2020). The conversion efﬁciency of the fabricated DSSC
was measured under a simulated solar light source (Portable solar
simulator PEC-L01, Pecell 200 W) (Am 1.5G). Electrochemical Im-
pedance (EIS) and Incident Photon Conversion Efﬁciency (IPCE)
were measured by IVIUMSTAT (electrochemical interface,
Netherlands).) TiO2-P25, and (b) TiO2 nanotubes.
Fig. 3. XRD patterns of the TiO2-P25 and TiO2 nanotubes.
Fig. 4. The thickness of the TiO2 double layer in the DSSC.
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The FE-SEM images of TiO2-P25 and the synthesized TiO2 na-
notubes are shown in Fig. 1. It can be seen that the TiO2-P25
(Fig. 1a) completely transformed into TiO2 nanostructures (Fig. 1b).
Further TEM investigation was performed in order to determine
the actual nanostructure formed. The TEM image (as shown in
Fig. 2) conﬁrms the nanotube structure of the TiO2. It is clearly
observed in the TEM image that the TiO2 nanotubes were formed
with an average length of around 100 nm and a diameter of 8 nm,
respectively. Fig. 3 shows the XRD patterns of the TiO2-P25 pre-
cursor and the synthesized TNT sample. It can be seen that the
TiO2-P25 consists of the rutile and anatase phase with a higher
level of crystallinity. However, the degree of crystallinity of the
synthesized TiO2 nanotubes is very low, and the TNT sample has
four main peaks, at around 9°, 24.3°, 28.4°, and 48.3°. According to
the literature [18,19], these peaks reveal the layered titanates of
TiO2 nanotubes. The thickness of the TiO2 ﬁlm double layer in the
dye sensitized solar cell is shown in Fig. 4. It is about 27 mm thick,
and the same thickness was made for all samples.
Fig. 5 shows the incident photon to current conversion efﬁ-
ciency (IPCE) spectra of the three different dye sensitized solar
cells. The IPCE spectra provide further evidence of the light har-
vesting efﬁciency of the DSSCs. As can be seen, a maximum IPCE of
all the samples at 530 nm is about 28% (100% TNT), 38% (100% P25)
and 94% (double layer), corresponding to the absorption peak of
the N719 dye. The DSSC fabricated from double layers displays the
highest IPCE value over a wide range in the visible light area, from
400 nm to 700 nm, among these solar cells. The higher IPCE of the
double layer sample in comparison with the single layer of the
TiO2 nanotube or the TiO2-P25 indicated the signiﬁcant impact of
the TNT on the solar cell.
The efﬁciency, short circuit current (Isc), short circuit current
density (Jsc), open circuit voltage (Voc), and the ﬁll factor (ff) of the
precursor TiO2-P25, the TNT, and the P25/TNT junctions for the
solar cells are summarized in Fig. 6 and Table 1. The data indicated
that the Voc and ﬁll factor values of the DSSCs based on the three
ﬁlms have no signiﬁcant changes. It can be seen that, there are
slight variations in the values of the current density of sample 1
(TNT ﬁlm) and sample 2 (P25 ﬁlm), corresponding to 7.648
(mA/cm2) and 9.504 (mA/cm2). However, this ﬁgure increased to
16.380 (mA/cm2) for the photoanode of P25/(a mixture of 90% P25
and 10% TNT). This leads to the higher efﬁciency of sample 3
(6.862%), which is greater than that of sample 1 (3.646%) and
sample 2 (4.435%). The better performances of sample 2 as com-
pared to sample 1 might be explained by the larger amount of dye
molecules adsorbed on the TiO2 ﬁlm [20]. For sample 3, a smallFig. 2. TEM images of the TiO2 nanotubes.amount of TNT in the main layer P25, which contributes to a sig-
niﬁcant increase in DSSCs performance in sample 3 as compared
to the other samples, can be explained on the basis of the elec-
trochemical impedance analysis.
Electrochemical impedance spectroscopy (EIS) is a powerful
tool used to clearly analyze the charge transfer resistance in DSSCs
[21]. Fig. 7 and Table 2 show the EIS results of the DSSCs. It is seen
that Rct, which is represented to electron transfer resistance at the
interface between the TiO2/dye/electrolyte of sample 1 (TNT ﬁlm),
has a smaller value than sample 2 (P25 ﬁlm). This result indicates
that the electron transport through nanotubes is easier than
through TiO2-P25. Therefore, the ﬁlm layer of sample 3 included
with the TiO2-P25 and TiO2 nanotubes will beneﬁt both dye ad-
sorption and electron transport. Furthermore, the charge transfer
resistance (Rpt) is lower in sample 3, which enhances the perfor-
mance of the solar cell. The impact of these factors leads to the
higher efﬁciency of sample 3 compared to the others.
The results of the current density, IPCE and EIS of the sample
3 are more beneﬁcial to explain the role of TNT in the double layer
to enhance the efﬁciency of DSSCs. In the structure of the elec-
trode layer, a mixture of the TiO2 nanotubes and TiO2-P25 con-
siderably impacts the performance of the DSSCs. This is because if
the ﬁlm layer contains only the large size particles, like TiO2 na-
notubes (sample 1), the surface per unit volume may decrease.
Consequently, the amount of dye adsorbed on the TiO2 ﬁlm be-
comes very small [22]. On the other hand, there are several
Fig. 5. IPCE spectra of sample 1 (TNT), sample 2 (TiO2-P25), and sample 3 (P25/(P25-TNT junction).
Fig. 6. The photocurrent-voltage curve of the DSSCs made by sample 1 (TNT),
sample 2 (TiO2-P25), and sample 3 (P25/(P25-TNT junction).
Table 1
Photovoltaic parameters of DSSCs.
Samples Voc (V) Isc (mA) Jsc (mA/cm2) Fill factor Efﬁciency (%)
Sample 1 (100%
TNT)
0.690 1.912 7.648 0.690 3.646
Sample 2 (100%
P25)
0.705 2.376 9.504 0.619 4.435
Sample 3 (P25/
(P25-TNT))
0.675 4.095 16.380 0.620 6.862
Fig. 7. Electrochemical impedance spectra (EIS) of sample 1 (TNT), sample 2
(TiO2-P25), and sample 3 (P25/(P25-TNT junction).
Table 2
Series resistance (Rs), charge transfer resistance (Rpt) and electron transfer and
recombination (Rct) of the DSSCs.
Samples Rs/Ω Rpt/Ω Rct/Ω
Sample 1 (100% TNT) 15.63 33.45 4.265
Sample 2 (100% P25) 17.46 23.64 4.95
Sample 3 (P25/(P25-TNT)) 17.15 18.23 2.97
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such as TiO2-P25 (sample 2). Firstly, a number of small-sized na-
noparticles might increase the grain boundaries. As a result, a
large number of electron trapping sites are formed [22]. Secondly,
smaller TiO2 particles can prevent the penetration of the dye
molecules and electrolytes into the inner TiO2 layer [22]. In our
study, a junction between the TiO2-P25 and TiO2-P25/TNT mix-
ture, was created to enhance the level of dye adsorption in the
double layer structure as compared to the single layer ﬁlm. Simi-
larly, this double layer ﬁlm can facilitate the movement of dye
molecules and electrolytes. Furthermore, it can also decrease the
grain boundaries of the double layer electrode ﬁlm. As a result, the
presence of TiO2 nanotubes in the double layer ﬁlm causes to
improve the incident light harvesting and the electron transport
through the TiO2 layer. Consequently, the enhancement in IPCE
and short-circuit current density (Jsc) were observed. The results of
electrochemical impedance spectroscopy (EIS) of the samplesdemonstrated more clearly the key function of the TiO2 nanotubes
in the top layer. The efﬁcient electron transfer at the interface
between the TiO2/dye/electrolyte (represented by Rct) of sample 3
(a mixture of TNT and P25), rather than that of sample 1 (100%
TNT) and sample 2 (100% P25), be explained as follows: for sample
1 (100% TNT), the large size of the nanotubes may create many
interlocked spaces between the nanotubular TiO2, which results in
deterring the transport of electrons. Consequently, the photo-
current will decrease and negatively affect the efﬁciency of the
solar cell. For sample 2 (100% P25), due to the smaller size of the
particles, a large number of the TiO2 particles can occupy the al-
located space, and that leads to an enhancement of the level of dye
adsorption on the TiO2 layer. However, the smaller size causes an
increase in the border of the particles and accelerates the charge
recombination rate. This contributed to a decrease in the efﬁciency
of DSSC. The data from EIS are suitable for the above explanation
of IPCE. Therefore, the mixture of the TiO2 particles and TiO2 na-
notubes can be beneﬁcial to the performance of solar cells.
In the previous literature, Lee et al. [11] and Xu [12] also fab-
ricated dye sensitized solar cells, which consisted of a double layer.
N.H. Hao et al. / Progress in Natural Science: Materials International 26 (2016) 375–379 379The under-layer with TiO2 particles [11] and TiO2-P25 [12], and the
top layer, contained TiO2 nanotubes, respectively. However, the
best efﬁciency obtained was only 4.57% [11] and 6.15% [12], re-
spectively, which is lower than the efﬁciency shown by this study.
These reference efﬁciencies are signiﬁcant, and are practical evi-
dence which may contribute to understanding more clearly the
utmost importance of TNT in the top layer.4. Conclusion
In this study, the important role of the TiO2 nanotubes in DSSCs
was clariﬁed. It was found that the conversion efﬁciency of DSSCs
was positively impacted by the combination of TiO2 nanoparticles
and TiO2 nanotubes. The dye sensitized solar cells fabricated by
the TiO2 nanoparticles in the under-layer, and the mixture of the
TiO2 nanoparticles and the TiO2 nanotubes in the upper-layer in-
dicated a better performance than the DSSCs made either by only
pure nanoparticles or only by nanotubes.Acknowledgments
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